1. A procedure for measuring rates of aminoacyl-tRNA synthesis in vitro and in intact leaves is presented. 2. Leaf discs showed rates close to those of intact leaves. 3. Cell-free preparations showed similar rates when assayed by pyrophosphate exchange, but actual aminoacyl-tRNA formation rates appeared to be much lower. Evidence is presented that dilution of supplied labelled amino acids was a major factor causing the low apparent rates. 4. Attempts to strip endogenous amino acids from plant tRNA resulted in low acceptor capability of the tRNA.
Aminoacyl-tRNA synthetases isolated from plant tissues yield activities of the order of nmol of amino acid exchanged/min per mg of protein when assayed by the pyrophosphate-exchange reaction of Stulberg & Novelli (1962) . However, the activity of aminoacyl-tRNA fractions synthesized by the same enzyme preparations indicated low rates measurable in pmol of amino acid acylated/min per mg of protein (Moustafa & Lyttleton, 1963) .
Since the activation of amino acids and their transfer to tRNA by cell-free fractions is a prerequisite to unequivocal demonstration of amino acid incorporation into protein it is important to obtain high rates of aminoacyl-tRNA synthesis. Loftfield & Eigner (1968) indicated that both the hydroxamate assay for amino acid activation (Hoagland, 1955) and the pyrophosphate-exchange assay differ from aminoacyl-tRNA formation with regard to the rate-determining step. Therefore in the establishment of cell-free protein-synthesizing systems it is essential that direct confirmation ofthe ability of the system to form aminoacyl-tRNA be obtained.
As a basis for determining what rates of aminoacyl-tRNA formation in vitro can reasonably be expected, we wished to determine the rates in vivo.
Since the rates measured in vivo and in vitro apparently differ by five orders of magnitude, we also sought the causes contributing to low rates of aminoacyl-tRNA formation by plant cell-free Preparation of pH5 enzyme and RNA fractions. The protocol followed for the pH 5 fraction is shown in Scheme 1. RNA was extracted essentially as described by Li & Weiser (1969) with the modifications noted in Scheme 1. Scheme 1 also shows the procedure followed for the extraction of aminoacyl-tRNA, which is similar to that of Shearn & Horowitz (1969) .
Pyrophosphate-exchange assay. The procedure of Stulberg & Novelli (1962) was followed with the modifica. tions described by Attwood & Cocking (1965 (Francki, Boardman & Wildman, 1965; Wong & Mustard, 1969) did not generallygive stimulation in our system, and was therefore usually omitted. After reaction at 30°C the RNA, which contained newly aminoacylated tRNA, was precipitated (Scheme 1), and the amount of amino acid incorporated during the experiment calculated from the known specific radioactivity of the supplied amino acid (Scheme 2). For experiments in vivo this procedure could not be used, and calculation of the amount of amino acid incorporated into the RNA followed from determination of the specific radioactivity of amino acid hydrolysed from the aminoacyl-tRNA after adjustment of the pH to 8.9 with 1 m-KOH and saponification at 38°C for 2 h. The radioactivity released from 1 mg on hydrolysis is proportional to the amount of amino acid attached to tRNA during the experiment, and can therefore be quantified as outlined in Scheme 2.
Specific radioactivity measurement. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) , and amino N by the procedure of Yemm & Cocking (1955) . RNA was determined by the orcinol method (Slater, 1958) , or by u.v. absorption, assuming (a) pH5 enzyme Young bean leaves (lOg) ground under NX in an extraction medium (30ml) containing: Hepes (50mm, adjusted to pH 7.6 with KOH), dithlothreitol (4 mm), polyvinylpyrrolidone (4.5 g E260 25 for a solution containing 1 mg of RNA/ml. The radioactivity of samples was counted directly in a dioxan scintillator solution, or on glass-fibre filter paper (Davies & Hall, 1969) . RESULTS Pyrophosphate exchange was readily demonstrated by pH5 enzyme fractions from expanding bean leaves. The rate was proportional to the amount of enzyme protein, and was linear over a 30min period. Specific activity varied somewhat from preparation to preparation, but 57.4 nmol/min per mg of enzyme (at JOmM-Mg2+; Table 1 ) was a typical rate and is similar to that determined by Anderson & Fowden (1969) . The reaction was stimulated by each of the amino acids commonly found in proteins, although the stimulation by a mixture was less than the amount calculated by summing the stimulation observed by individual amino acids present in the mixture.
The reaction was dependent on added ATP, and was increased by additional ATP until a plateau at 10mm-ATP was reached. (Holmsen & Storm, 1969) indicates that the stimulationmaynotwholly reflect increased aminoacylation, although subtraction of exchange (a) Direct method (cell-free experiment8) Specific radioactivity of supplied 14C-labelled amino acid mixture = 54mCi/mg-atom of C -54mCil14mg of C The difference in the specific radioactivity of isolated RNA before and after mild alkaline hydrolysis is assumed to represent the loss of labelled amino acid from tRNA. On a per milligram basis the difference gives the total d.p.m. of amino acid lost. Calculation of the specific radioactivity of the hydrolysed fraction as d.p.m./,ug of amino acid is made after radioactivity determination and ninhydrin reaction.
(i) The difference in the specific radioactivity of the supplied amino acids (cell-free experiment) and that calculated for the hydrolysed amino acid fraction represented dilution of the labelled amino acids by unlabelled amino acids attached to tRNA. (1969) . To measure the rate of aminoacyl-tRNA formation in vivo the system described in Table 2 was used. Approach to the cell-free system from the intact system in vivo was made by using leaf-disc systems as intermediate stages. Table 3 presents the results for detached leaf discs in radioactive carbon dioxide or bicarbonate. Since amino acids are used more commonly than bicarbonate as substrates in studies on protein synthesis, the substitution of radioactive glycine for bicarbonate in the leaf-disc system (Table 4) permitted a more valid comparison between rates observed for leaf discs and rates obtained in cell-free experiments. Positive evidence for aminoacyltRNA formation in vitro was obtained by the system shown in Table 5 with pH 5-enzyme fractions from Escherichia coli supernatant, bean pod and bean leaf. A summary of the rates of aminoacyl-tRNA formation calculated from the data of Tables 2-5 is presented as Table 6 . It appears that leaf detachment (cutting discs) decreased the rate by rather less than one order ofmagnitude, and that the preparation of cell-free extracts further decreased the rate by about four orders.
A comparison of the apparent rate of aminoacyltRNA formation when calculated by each of the methods described above is made in Table 7 . The conjecture that endogenous non-labelled aminoacyltRNA greatly dilutes the radioactivity when the Table 5 . Aminoacyl-tRNA 8yntheis by plant and bacterial enzymes in vitro The cell-free system was prepared and incubated as described in the Experimental section. The '4C-labelled amino acid mixture contained: alanine (10%), arginine, (6.5%) aspartate (9.0%), glutamate (12.5%), glycine (5%), leucine (12%), isoleucine (5%), lysine (5.5%), phenylalanine (7%), proline (6%), serine (5%), threonine (6%), tyrosine (3.5%), valne (7%). Total radioactivity of supplied phenylalanine was 1.1 x107 calculation is based on the specific radioactivity of the supplied amino acid tracer is supported by the determination of the specific radioactivity of amino acids released from aminoacyl-tRNA on mild alkaline hydrolysis.
DISCUSSION
If pyrophosphate exchange is a valid basis for the measurement of the activity of aminoacyl-tRNA synthetases, the rates presented here and for several studies (Moustafa & Lyttleton, 1963; Hall & Cocking, 1966; Anderson & Fowden, 1969) with plant systems would suggest that approx. 50-100nmol of amino acid should be adenylated/min by the equivalent of 1mg of pH5 enzyme. If all this amino acid were accepted by tRNA and transferred to growing polypeptides and proteins at the same rate, thenwewould expect a synthesis ofapprox. 7 ,ug of protein/min per original mg of protein, assuming mol.wt. 110 for the amino acids. Rates in vivo of 66,ug (bean leaf; Hall, 1968) and 40ug (tomato leaf; Hall & Cocking, 1966) of protein synthesized/min per original mg of protein are less than an order different from the estimate above. Amino acid incorporation into protein by higher-plant cell-free systems occurs at much lower rates, although demonstration oftobacco-mosaic-virus coat-protein synthesis by a tobacco-leaf ribosome system (Sela & Kaesberg, 1969) suggests that apparent rates of amino acid incorporation calculated from the specific radioactivity of supplied amino acids may represent only a fraction of the true activity of the system.
Aminoacylation of tRNA could be a ratelimiting step for amino acid-incorporation systems. The formation ofaminoacyl-tRNA shown in Table 2 indicates that no blockage at this step occurs in vivo. Cutting leaf discs decreased the efficiency of this step only slightly, as the results of 14CO2, H14CO3-and [3H]glycine assimnilation presented in Tables 3   and 4 show. To follow the rates in vivo as described in the Experimental section and Scheme 2 it is necessary to assume that the radioactivity released on alkaline hydrolysis of aminoacyl-tRNA represents the loss of amino acid from the tRNA and, Table 7 . Rate of aminoacyl-tRNA synthe8i8 by bean leaf and E. coli pH 5-enzyme preparation.
The cell-free system was prepared as described in the Experimental section. The synthetase-enzyme fraction contained 8mg (bean leaf) or 1.1 mg (E. coli) of protein/ml final volume. After reaction a portion of the aminoacyl-tRNA was taken for measurement ofradioactivity and the remainder was hydrolysed, so that calculation of the rate of aminoacyl-tRNA formation by both methods given in Scheme 2 could be made. The rates calculated by the two procedures differ by a factor of (219/0.045) = 4.8 x 103 for bean leaf, and (1430/0.563 Table 6 . Table 7 compares rates of aminoacyl-tRNA formation by systems in vitro obtained by using two methods of calculation, and the dilution of specific radioactivity of the supplied amino acid was greater than 1000-fold. It seems possible that this dilution could account for the low apparent rates of aminoacylation of tRNA. The results from the studies in vivo indicate that the tRNA is rapidly saturated with labelled amino acid in the light (Table 2) , since the amount of amino acid attached to tRNA remained fairly constant after lOmin. In the dark aminoacylation took place at the rate of some 4.5nmol of amino acid/min per mg of RNA compared with 23.4 nmol in the light over the first lOmin. However, the attachment appeared to continue at the same rate over 60min of administration of labelled substrate in the dark, finally resulting in a higher specific radioactivity than was found for the uptake in light.
This may represent an accumulation of aminoacylated tRNA due to cessation of amino acid transfer from tRNA to protein in the dark. The amount of amino acid attached to RNA decreased when leaf discs were incubated in the light for periods exceeding 30min (Table 4) . Lengthy incubations in vitro give similar decreases. Possibly ribonucleases become particularly active in such situations (Shearn & Horowitz, 1969) , although the reason is not clear, nor has this been quantitatively checked in our system.
An examination of the rates of aminoaycl-tRNA synthesis indicates that cell-free systems from plants may be quite active, but that endogenous concentrations of amino acids dilute supplied tracer amino acids. The pH 5fractionprobably contributes to this dilution, but we have found that RNA isolated from plant tissues frequently has appreciable amounts of amino acid attached (approx.
1,ug of amino N/mg of RNA), presumably to the tRNA. Mild alkaline hydrolysis and reprecipitation of the RNA yielded material that gave no significant reaction with ninhydrin, but had very low amino acid-acceptor activity. Further experimentation is required to determine if additional precautions against ribonuclease degradation during mild alkaline hydrolysis, or alternative methods of stripping amino acids from tRNA, will yield cellfree preparations capable of aminoacylation at rates approaching those of the intact cell.
